We have designed and built an apparatus for real-time acoustic imaging of convective flow patterns in optically opaque fluids. This apparatus takes advantage of recent advances in twodimensional ultrasound transducer array technology; it employs a modified version of a commercially available ultrasound camera, similar to those employed in non-destructive testing of solids.
I. INTRODUCTION
Thermal convection has been studied intensely in the laboratory for years [1] . A relatively simple arrangement which is commonly used to study thermal convection is a thin horizontal layer of fluid confined between flat horizontal plates subjected to a vertical temperature gradient. In this arrangement, when the temperature of the bottom plate exceeds that of the top plate by a critical value, the fluid layer becomes mechanically unstable. This, the so called Rayleigh-Bènard instability [2, 3] , is identified by a marked increase in the thermal conductivity of the fluid layer due to the onset of Rayleigh-Bènard convection [4] .
Shadowgraph visualization of the Rayleigh-Bènard instability in optically transparent fluids has enabled comparison between theoretical and experimental work on a well defined nonlinear system. Despite the simplicity of this arrangement and knowledge of the underlying dynamical equations of fluid motion, the nature of the sequence of transitions from diffusive to time-dependent and finally to turbulent heat transport in this system is not understood [5] . The weakly non-linear theory of convection is able to predict the critical Rayleigh number, the critical wavenumber, and the pattern selected at the onset of convection [6] . When the critical temperature difference across the fluid layer is relatively small, such that the fluid properties vary little within the fluid layer, one expects to observe a continuous transition from a uniform base state to a pattern consisting of stationary twodimensional convection rolls. Such patterns have been observed in simple fluids at onset in both rectangular and axisymmetric convection cells [7] . The weakly non-linear theory is incapable, however, of describing moderately supercritical convection.
The non-linear properties of moderately supercritical convection have been studied in detail by Busse and collaborators [8] . By numerically solving the non-linear OberbeckBoussinesq equations of fluid motion for a laterally unbounded fluid layer confined between horizontal plates in the presence of a vertical thermal gradient, they have been able to construct a stability diagram, known as the "Busse balloon," for convective flow covering a wide range of Rayleigh (Ra) and Prandtl (Pr) numbers.
The Rayleigh number serves as a control parameter for the onset of convection. The Prandtl number dictates the nature of the secondary instabilities to which convection rolls are subject above onset. In these equations, d is the horizontal plate separation, ∆T is the temperature difference between the horizontal plates, g is the gravitational field strength, and α, ν and κ are the isobaric thermal expansion coefficient, the kinematic viscosity and the thermal diffusivity of the fluid.
Early studies using helium [9] revealed a time-dependent Nusselt number just above onset. The Nusselt number, Nu, is just the dimensionless ratio of the observed thermal conductivity to that of the quiescent fluid. Such a time dependent response to a constant driving force suggests a time-dependent flow pattern. Unfortunately, flow visualization was not available for these experiments, and measurements of the Nusselt number alone only provide information on the global, i.e. the spatially averaged, character of heat transport.
Direct visualization of the fluid, on the other hand, allows features in the global heat transport to be identified with specific dynamic events and spatial structures. In particular, shadowgraph visualization from above the convection cell has been used extensively to obtain flow images which have been indispensable for comparisons of theoretical calculations and experimental measurements in optically transparent fluids [10, 11, 12] .
A similar comparison between theory and experiment in many opaque fluids has not been made, owing primarily to the difficulty of imaging flow patterns in optically opaque fluids. For example, of the extant studies of Rayleigh-Bènard convection in liquid metals, only Fauve, Laroche, and Libchaber have visualized convective flow from above [13] . They used a temperature-sensitive liquid crystal sheet beneath a transparent (sapphire) top plate to visualize localized temperature differences associated with convective structures in liquid mercury confined to small aspect ratio cells. These studies, however, lacked detailed images of convective flow patterns. There has been no systematic experimental study of the convective planform for Rayleigh-Bènard convection in a liquid metal. This is troubling, since the Prandtl numbers of liquid metals are typically an order of magnitude (or two, or three) lower than that of other fluids, and since the Prandtl number is expected to play an important role in determining the nature of the instabilities to which straight convective rolls are subject above the onset of convection [8] .
The liquid crystal method has proved rather more fruitful in the study of ferrofluid convection. Bozhko and Putin [14] , for instance, have used this method to visualize convection patterns in a kerosene-based magnetic fluid confined to a cylindrical cell. In the absence of an applied magnetic field, they observed oscillatory convection for Raleigh numbers up to 4Ra c . On the other hand, Huke and Lücke have calculated the convection patterns for typical ferrofluid parameters, and found that squares should be the first stable pattern to appear above onset [15] . For ferrofluids, like other binary mixtures, the nature of the instabilities to which the squares are subject depends upon other fluid parameters such as the separation ratio and the Lewis number.
Generally speaking, the liquid crystal method is limited by the thermal response of the liquid crystal. In the experiments of Bozhko and Putin, for instance, the entire color change of the liquid crystal occurs between 24 and 27 degrees Celsius. Moreover, the liquid crystal must be thermally isolated from the sample fluid in order to protect the liquid crystal from the chemical action of the ferrofluid. As an alternative to the liquid crystal method, the use of ultrasound has been explored for use in acoustic imaging of Rayleigh-Bénard convection.
Most recently, Xu and Andereck [16] used an array of 11 contact transducers fixed to the side of a small aspect ratio convection cell to obtain a two dimensional map of the thermal field in liquid mercury undergoing convection. Their method, however, does not allow one to study the convective planform from above, as one can with standard shadowgraph and liquid crystal techniques.
In the present paper, we describe an apparatus which allows real-time acoustic imaging of thermal convection in a Rayleigh-Bènard cell. This apparatus can be used to visualize thermal convection, from above the convection cell, in optically opaque fluids such as liquid metals, ferrofluids and opaque gels. The paper is organized as follows. In Sec. II, we describe the design and construction of the apparatus. Here, we provide an overview of the apparatus, followed by detailed descriptions of the ultrasound imaging system, the convection cell, thermometer construction and temperature regulation. In Sec. III, we describe experimental procedures and results. In particular, we provide images of convective structures observed in silicone oil and ferrofluid. We also describe prospects for continuing studies of ferrofluids and for planned work using liquid mercury.
II. APPARATUS DESIGN AND CONSTRUCTION

A. Overview
A sectional view of the apparatus design is shown in Fig. 1 . The sample fluid is introduced via one of two entrance ports (A) to a sample space located between two sapphire windows (B). These windows form the top and bottom boundaries of the convection cell and are separated by a thin spacing ring (C). A detailed description of the convection cell is provided in Sec. II E.
A vertical temperature gradient is maintained across the convection cell by thermally regulating the water circulating through the spaces above the top, and below the bottom, sapphire windows. First, we describe the thermal regulation of the top sapphire window.
Cool water from a refrigerated bath circulator enters the apparatus through a port (D) and flows through a channel which runs around the circumference of the apparatus (E). The Voltage variations in each pixel induced by incident ultrasound waves are read out using a multiplexer and frame-grabber electronics. The image capture rate is 30 frames per second, similar to that of a standard CCD camera. The camera may be focused and the field of view may be varied by moving the acoustic lens using a knurled knob (B) on the side of the camera. A field of view as large as 1-2 inches has been achieved. The acoustic lenses are enclosed in a cylindrical shield (not shown) which is filled with an impedance matching fluid via an external port (C).
C. External connections
Once the apparatus is assembled, it is placed on a tripod mount atop an aluminum platform, as shown in the photograph of Fig. 4 . A shallow tray placed under the platform catches any spillage in the event of a leak. The black tubes in the figure are thermally insulated tygon tubes which carry cooling and heating water to and from the bath spaces.
The white wires in the figure are electrically insulated leads for the thermometers. Also 6 shown is a thin tygon tube which is attached to a syringe and which is used to fill the cell with a sample fluid. A vertical instrumentation panel on the front of the aluminum platform is fitted with feed-throughs to facilitate electrical and fluid connections between the apparatus and the external devices such as the sample fluid syringe, the bath circulators, the data acquisition/switch unit and the ultrasound controller.
The external connections to the apparatus are depicted schematically in Fig. 5 . They can be divided into three separate systems: bath control, temperature monitoring, and ultrasound imaging. These systems are controlled using software running on a PC, as described in the next paragraph.
The top and bottom bath space temperatures are regulated using separate refrigerated bath circulators (NESLAB RTE-7 Digital Plus Refrigerated Bath, Thermo Fisher Scientific, Waltham, MA). Set-point temperatures are assigned from software by sending RS-232 commands via a cable connection between the PC and the bath circulators. The temperature of the upper and lower bath spaces inside the apparatus are monitored using six thermometers.
Temperature values of the six thermometers are scanned twice per second using a digital data acquisiton unit (Model 2700 DMM, Keithley Instruments, Cleveland, OH) connected to a USB port on the PC using a USB-to-GPIB interface adapter (Model KUSB-488A, Keithley Instruments, Cleveland, OH). The ultrasound imaging system is controlled using a commercial software package (AcoustoVision400 software, Imperium, Inc., Silver Springs, MD). The software allows the user to communicate with an ultrasound controller box which in turn attaches to both the transducer and the camera.
D. Image calibration and resolution
The ultrasound images were calibrated by placing an object of known dimensions in the sample space and recording the number of image pixels corresponding to its size. For this purpose we fabricated an array of small holes drilled at precisely measured intervals into a thin sheet of aluminum. We placed this "phantom" between the sapphire windows of the convection cell in order to calibrate our images.
We also placed some more mundane objects into the cell so as to illustrate the resolution limit which is imposed by diffraction effects. Shown in The guide wire was fed through a stainless steel capillary tube which was itself slid through a water-tight seal in the upper edge of the bath space just below the top bath window.
Pushing on the guide wire caused the bubble wiper to slide along a set of tracks so that the doll hairs brushed along the top bath window. In this way, the bubbles were pushed to one edge of the window. After pushing the bubbles aside, they were removed from the bath space through a tiny capillary tube which was inserted through another tiny hole in the wall of the bath. The tip of the capillary tube resided near the top bath window, and by using a syringe, the accumulated air bubbles could be easily removed from the bath space. This contraption proved very effective in clearing bubbles from the field of view and permitting clear ultrasound images to be obtained.
E. Convection cell details
The windows which form the horizontal boundaries of the convection cell are four inch diameter and 0.2 inch thick optically flat single-crystal sapphire disks (Hemlite sapphire windows, Crystal Systems Inc., Salem, MA). Sapphire was chosen because of its high thermal conductivity and its small ultrasonic attenuation coefficient. The thermal conductivity of sapphire is approximately 50 times greater than that of quiescent liquid mercury, the sample fluid with the highest thermal conductivity which we plan to study. A high relative thermal conductivity minimizes undesirable horizontal thermal gradients in the windows.
A thin spacing ring establishes the height, d, of the convection cell. Recall that the critical temperature difference, ∆T c , for the Rayleigh-Bènard instability is inversely proportional to
∆T c , in turn, establishes the minimum heating and cooling power of the bath circulators:
a shallow fluid layer requires a large temperature difference; a deep fluid layer requires a conveniently small temperature difference, but increases the aspect ratio of the cell, which is undesirable. The aspect ratio of the convection cell, Γ, is defined as the dimensionless ratio of the cell width to its depth. Both the critical Rayleigh number and the convective planform are generally influenced by the existence of lateral sidewalls [17] . If one wishes to study the stability of the fluid layer itself, sidewall effects are considered a spurious complication.
In order to minimize the effects of the experimentally unavoidable lateral sidewalls, it is desirable to employ a large aspect ratio cylindrical cell, since this has the smallest circumference of any shape of a given cross-sectional area. Moreover, the thermal conductivity of the spacing ring should ideally match that of the fluid so as to prevent lateral thermal gradients near the sidewall. Hence the material and dimensions of the spacing ring depends upon the choice of fluid being studied. After assembling the cell and before assembling the rests of the apparatus, it is important to verify that the sapphire windows are parallel. This was done using two techniques. The first was by using a micrometer. The spacing from the top of the top sapphire window to the bottom of the bottom sapphire window was measured at several locations across the cell.
The second method was by using an interferometer setup, as shown in Fig. 7 . A He-Ne laser beam was expanded and collimated to a beam width of approximately one inch. A pellicle beam splitter (Melles Griot, Rochester, NY) was used to direct the collimated beam at the cell and also at a screen, on which appeared interference fringes when the cell windows were not perfectly aligned. Typically, the interference fringes were concentric rings, less than ten in number, and clustered near the outside perimeter of the cell. This implies that the central region of the cell is quite parallel, and that the lack of parallelism is typically less than about 30 microns and occurs near the cell edges. In the event that the windows are not aligned properly, the screws which hold the cell together may be adjusted so as to establish optimal parallelism.
F. Thermometry details
The temperature near the sapphire windows was monitored using thermometers constructed from glass encapsulated thermistors. One such thermometer is shown in Fig. 8 . The root mean square temperature noise is less than 10 mK. Shown in the bottom graph of Fig. 9 is the power spectral density computed from this same data.
III. EXPERIMENTS A. Procedure
The following procedure is typically followed in performing a set of experiments. First, the convection cell is assembled with the sidewall appropriate for the sample fluid to be studied. The convection cell is tested for leaks and the sapphire windows are tested for parallelism. The remainder of the apparatus is assembled around the cell and the apparatus is placed on the tripod on the aluminum platform. Before screwing on the top window (O in Fig. 1) , a small bubble level is placed on the top sapphire window to ensure that the apparatus is level. Next, the bath circulators are filled with degassed water mixed with algicide (Chloramine-T, Thermo Fisher Scientific, Waltham, MA).
The bath circulator tubing is then attached to the apparatus and the top and bottom bath spaces are filled with water. While the bath spaces are being filled, nitrogen gas is circulated through the convection cell to keep it clean. At this point, the thermometers are plugged in to the data acquisition unit and the temperature monitoring software is started.
Next, a syringe is used to push the sample fluid into the convection cell. Typically, the apparatus is tipped onto its side, with the cell entrance port (A in Fig. 1 ) on the bottom, while filling the convection cell. The cell is seen to be full when sample fluid squirts out of the exit port on the top, opposite the entrance port. The apparatus is returned to its upright position on the aluminum platform and it is visibly inspected for leaks. The ultrasound camera is then attached to the top of the apparatus and is plugged into the ultrasound controller box. The image capture software is started and the camera settings are adjusted for a clear ultrasound image.
In a typical set of experiments, the temperature difference across the cell, ∆T , is initially maintained at close to zero degrees. Several background images of the quiescent fluid are captured. Next, ∆T is increased stepwise, maintaining the average fluid temperature constant. Since the Prandtl number is known to be weakly temperature dependent, this technique serves to keep the mean Prandtl number of the fluid constant. At each step, a series of ultrasound images is obtained. The system is allowed to equilibrate for a minimum of one horizontal diffusion time after each step. The horizontal diffusion time is given by τ h = Γτ v and the vertical diffusion time is given by
After data collection, the images are analyzed on a personal computer using image processing software (Igor Pro v.5, WaveMetrics, Inc., Lake Oswego, OR). The onset of convection is determined by the appearance of spatial variations in the temperature dependent acoustic refractive index. Such spatial variations are analyzed so as to determine the convective planform and its wavenumber distribution.
B. Results and Discussion
We present here the first acoustic images of the planform of Rayleigh-Bénard convection viewed from above. Shown in Fig. 10 As mentioned in Sec. I, there exist detailed theoretical predictions for the stability diagram of binary fluids such as ferrofluids. A systematic experimental study of the variation of the power spectral density as a function of Rayleigh number in ferrofluids using acoustic imaging is being prepared for a future publication. 
